Abstract In grassland communities, plants can be classified as dominants or subordinates according to their relative abundances, but the factors controlling such distributions remain unclear. Here, we test whether the presence of the arbuscular mycorrhizal (AM) fungus Glomus intraradices affects the competitiveness of two dominant (Taraxacum officinale and Agrostis capillaris) and two subordinate species (Prunella vulgaris and Achillea millefolium). Plants were grown in pots in the presence or absence of the fungus, in monoculture and in mixtures of both species groups with two and four species. In the absence of G. intraradices, dominants were clearly more competitive than subordinates. In inoculated pots, the fungus acted towards the parasitic end of the mutualism-parasitism continuum and had an overall negative effect on the growth of the plant species. However, the negative effects of the AM fungus were more pronounced on dominant species reducing the differences in competitiveness between dominant and subordinate species. The effects of G. intraradices varied with species composition highlighting the importance of plant community to mediate the effects of AM fungi. Dominant species were negatively affected from the AM fungus in mixtures, while subordinates grew identically with and without the fungus. Therefore, our findings predict that the plant dominance hierarchy may flatten out when dominant species are more reduced than subordinate species in an unfavourable AM fungal relationship (parasitism).
Introduction
Semi-natural grasslands are widespread components of northtemperate landscapes and have important roles in providing grazing for livestock and acting as reservoirs of both carbon (Follett and Reed 2010) and biodiversity (Cremene et al. 2005; Baur et al. 2006) . In particular, grasslands developing on calcareous substrates tend to contain a large diversity of plants including several rare, threatened and iconic species. For example, in the Swiss Jura wood pastures, plant communities result from a traditional management with regular grazing and trampling disturbance and have a long succession history with well-established vegetation communities where up to 40 species may inhabit 1 m 2 (Gigon and Leutert 1996; Buttler et al. 2009 ). Given their crucial and contrasting ecosystem services, it is important that species-rich grasslands are conserved. This aim requires understanding of the processes that govern the composition and stability of species-rich plant communities.
Observations of plant species abundances in semi-natural grasslands reveal distinct frequency distributions, with some species found frequently and in high abundance (dominants), and some also found frequently but in low abundance (subordinates; Grime et al. 1987; Olff and Bakker 1998) . Some species may also be considered transients because they rarely persist (Whittaker 1965) . Dominant species are generally few in number, tall and account for a large proportion of the total community biomass. In contrast, subordinate species consistently co-occur with particular dominants, are often small in stature and contribute marginally to the total biomass of the community, although they are the most diverse component of communities. The role of dominant species in ecosystem functioning has received considerable research attention and, according to the "mass ratio" theory (Grime 1998) , ecosystem properties are determined by dominant species independent of changes in species richness that involve variations in the number of subordinate species. However, more recent studies show that less abundant species may have a larger influence on ecosystem properties and functioning than their relative abundance suggests (Lyons et al. 2005; Boeken and Shachak 2006) . Thus, it becomes important to consider the factors that determine the abundance not only of dominants but also of subordinates.
In semi-natural, extensively managed grasslands, the roots of almost all plants are heavily colonised by arbuscular mycorrhizal (AM) fungi (Read et al. 1976) . AM fungi often form large mycelial networks throughout soil and greatly facilitate acquisition and uptake of scarce or immobile mineral nutrients, particularly phosphorus (Johnson et al. 2001) . In forming mycelial networks, individual mycorrhizal fungi can be supported by several host plants, and so the hyphae can facilitate seedling establishment (van der Heijden et al. 2004 ) and affect plant competition. Whilst the AM symbiosis is typically considered a mutualistic one, increasing evidence points to a more diverse range of interactions. In a meta-analysis, around 45 % of studies found positive effects of AM fungi on plant growth, 30 % showed no effect and 25 % showed negative effects (van der Heijden and Horton 2009). This analysis supports the idea that AM fungi act along a continuum between mutualism and parasitism (Johnson et al. 1997; Klironomos 2003) and species competitiveness could be increased as well as decreased in the presence of AM fungi. Here, the net outcome of the symbiosis is likely dependent on the environment or may develop in different directions throughout the lifetime of a plant.
The contrasting functional characteristics of individual AM fungi therefore suggest that they may have important roles in shaping plant community composition and stability in grasslands. The effect of AM fungi on plant communities is also related to nutrient availability in soils, and it has been shown that low phosphorus status stimulates colonisation of roots by AM fungi, which feeds back to affect plant diversity and productivity (Collins and Foster 2009) . AM fungi are completely dependent on host plants for carbon, and their biomass and activity means they are substantial sinks for plant assimilate (Johnson et al. 2002) , which could therefore completely change the dominance hierarchy (Gross et al. 2010) following its degree of profit from particular plant species. Indeed, previous studies have demonstrated that subordinate and dominant plant species can show distinct responses to AM fungi (van der Heijden et al. 1998a; Yao et al. 2007; Karanika et al. 2008 ) which may influence plant dominance (Grime et al. 1987; van der Heijden et al. 1998b; Hartnett and Wilson 1999) . Considering that AM fungi can act along a continuum between mutualism and parasitism (Johnson et al. 1997) , there are two mechanisms which may explain the effects of AM fungi on plant dominance hierarchies: (1) dominant and subordinate species have different AM fungal dependency and species with higher dependency are favoured in competition in mutualistic interactions or (2) dominant and subordinate species show different responses to less favourable relationships with AM fungi, and one of these groups may be more affected by parasitism. For the first mechanism, these responses have been developed into a model whereby the relative response of dominants and subordinates to AM fungi determines plant community composition and dominance hierarchies (Urcelay and Diaz 2003) . When mycorrhizal dependence of subordinates is strong, dominance rankings flatten out, so that overall plant species diversity increases. In contrast, when mycorrhizal dependence of dominants is strong and subordinates is weak, dominance rankings steepen in response to AM fungi, so that overall plant species diversity decreases. In the second mechanism, when dominant species are more affected than subordinate species in unfavourable relationships with AM fungi, dominance rankings may flatten out, and inversely, when subordinate species show higher biomass reduction than dominant species, dominance ranking steepens in the presence of AM fungi. To date, there have been few studies that explicitly test these hypotheses, with most of the evidence derived indirectly from experiments or observations related to the relative influence of mycorrhizal symbiosis on plant communities (Klironomos et al. 2011 ).
Plant communities of wooded pastures in the Swiss Jura Mountains result from traditional cattle and forest management, and vegetation communities are well-established on unimproved soils with intermediate fertility. These grassland communities serve as an ideal model to explore the effect of AM fungi on plant interactions since they are very diverse and show a typical lognormal rank-abundance curve (Grime 1998 ) with a few dominant species accounting for a high proportion of the total community biomass. In this study, we chose four plant species which are native to species-rich calcareous grasslands. According to their relative abundance in the field, two of these species can be considered to be dominants and two as subordinates. Previous experiments in the field (unpublished) showed that these subordinate species were significantly more colonised by AM fungi (about 20 % more) compared to dominants during seedling establishment. AM fungi could therefore be more beneficial to less competitive subordinates and explain their persistence in plant communities. In this paper, we report investigations of the competitive effect of two dominant and two subordinate species in different species composition when grown under control conditions and in the presence or absence of the ubiquitous AM fungus Glomus intraradices. We hypothesise that inoculation with G. intraradices will promote growth of subordinate plant species and reduce the differences in competitiveness with dominant species which will not or less draw benefit from the fungus.
Materials and methods

Plant species selection
Dominant and subordinate species were selected from measurements of community composition in semi-natural calcareous grasslands in the Swiss Jura Mountains (Les Amburnex, western Switzerland, 6°13′50″ E, 46°32′50″ N). The field research site is an extensively grazed pasture with a vertic cambisol which contains intermediate value of carbonates (15 % CaCO 3 ) and relatively low level of available P (Table 1) . Absolute plant cover was determined within 36 plots (1.2×1.2 m) using a Braun-Blanquet index. A species was classified as dominant if its frequency was greater than 75 % (100 % frequency means that the species is present in all plots) and its cumulative relative cover greater than 25 %. A species was classified as subordinate if its frequency was greater than 75 % and its cumulative relative cover between 2 and 25 % (adapted from Grime 1998). Based on their field abundance and results of their competitive abilities (effect and response) when growing together in a previous glasshouse experiment (Mariotte et al. 2012) , we assigned Prunella vulgaris and Achillea millefolium as subordinate species and Agrostis capillaris and Taraxacum officinale as dominant species.
Experimental design
The pot experiment was set up as a randomised split-block design ( Fig. 1 ) with two factors: (1) AM fungal inoculation treatment varying at the block level and (2) plant mixture type varying at the plot level. The inoculation treatment contained two levels: with G. intraradices inoculum (M treatment) and with non-mycorrhizal control inoculum (NM treatment). We chose the ubiquitous G. intraradices because it has a broad host range and is the most frequently detected phylotype in all grassland systems (Öpik et al. 2006 ) and the most abundant in Swiss meadows (Sýkorová et al. 2007) . In this pot experiment, we used soil inoculum of G. intraradices Schenck & Smith (isolate BEG 21), native from a calcareous grassland, which was provided by Prof. M.G.A. van der Heijden, Agroscope ART Zurich, Switzerland. G. intraradices was previously propagated from spores as a pure culture of Plantago lanceolata growing in autoclaved soil for 8 months in 2009 to provide recent highquality inoculum (further details about this inoculum in Veiga et al. 2012) . The plant mixture type contained three levels: monocultures (n04), two-species mixtures including each combination of one dominant and one subordinate (n0 4) and four-species mixture including two different dominants and two different subordinates (n 01). All pots contained four individuals to maintain stable plant densities for each mixture type. The interaction of mixture type and AM inoculation treatment resulted in 18 combinations which were replicated six times, yielding a total of 108 pots arranged in six blocks.
Seeds germination, soil mixture and growing conditions
Seeds of the four species were gathered from the Swiss plateau (provided by FENACO SA, Yverdon-les-bains, Switzerland), stored at 4°C prior to the start of the experiment, surface sterilised in 5 % bleach for 10 min and then rinsed five times with distilled water. Around 700 seeds of each species were germinated on autoclaved water agar gel (1.6 %) in a phytotron over 6 days in the dark at 22°C. One week later, seedlings were transplanted within an agar gel cube (1 cm 3 ) and assembled following the different species mixtures into 1.5 L sterile plastic pots containing 800 ml of a gamma sterilised sand (Berns et al. 2008 ) mixture (90 % sand and 10 % compost) which recreated the low P availability measured in the field site (Table 1) . Half of the pots received 40 ml of G. intraradices inoculum added on the top soil (M treatment), while the control pots received 40 ml of autoclaved inoculum (NM treatment). To compensate for the microbial community which may coexist with AM fungi in mycorrhizal pots, it is common practice to add an inoculum washing (filtered over 20 μm) to the non-mycorrhizal pots (e.g. Gavito et al. 2003; Van der Heijden et al. 2003; Chen et al. 2007 ). However, this does not necessarily include all microbes, and the microbial community added alone may have different effects on plant growth when added alone in the control pots (positive or negative due to changes in soil interactions) as to when coexisting with the AM fungus in mycorrhizal pots. For this reason, and as no effects of pathogens were detected in previous experiments using the same high-quality inoculum of G. intraradices BEG21 ( Van der Heijden et al. 1998a Wagg et al. 2011; Veiga et al. 2012 ), a microbial wash was not added to control pots. Nevertheless, the inoculum was checked for the absence of other microorganisms using two different approaches. Firstly, an inoculum washing (filtered over 20 μm) was put into culture (six replicates) in nutrient agar-agar (Sigma-Aldrich, St. Louis, MO, USA), and no significant development of bacteria or fungi was detected after 5 days. Secondly, P. lanceolata roots in the inoculum were stained with acid fuchsin (Gerdemann 1955) and scored for root colonisation on 50 intersections per root sample (10 replicates). Ninety percent of P. lanceolata root length was colonised by G. intraradices (see also Veiga et al. 2012) , and fungal structures other than those belonging to AM fungi were not observed.
Pots were maintained in a glasshouse from April to July 2010 where day temperature varied between 25 and 38°C, night temperature was 16°C and the day length was 15 h. Because the glasshouse permitted 90 % penetration of photosynthetically active radiation, additional light was not provided. During the first month, each pot was watered every day with the same volume of water (200 ml) and then adjusted to maintain 10 % water content. Plants received no fertilisation.
After 105 days, shoots were harvested for each species by cutting at ground level, and roots were collected by washing and sieving each individual. Root subsamples of selected individuals were used for determination of AM fungal colonisation. Shoot and root biomass were measured after drying in an oven at 60°C for 72 h. The average of the two (two-species mixture) or four (monoculture) individuals per species in each pot was calculated to obtain the overall root and shoot biomass per species per pot. As we did not Fig. 1 Schematic diagram of the experimental design. Circles represent pots and contain plant combinations of dominant species: T. officinale (D1) and A. capillaris (D2), and subordinate species: P. vulgaris (S1) and A. millefolium (S2). Each pot contained four individuals of the same species in monoculture (white), two individuals per species (one dominant and one subordinate) in two-species mixture (grey) and one individual per species (two dominants and two subordinates) in mixture of four species (dark grey). Combinations are reproduced either with (M) or without (NM) AM fungal inoculation which varied at the plot level in six blocks observe any differences in root/shoot ratios following inoculation with G. intraradices, or by changing the mixtures of species, we focused on total plant biomass as the response variable in our analyses.
Estimation of AM fungal colonisation
The primary objective was to determine whether the inoculum had successfully colonised roots rather than to test for effects of mixture type and plant identity. Roots from each plant species in each community composition (four replicates) were stained with acid fuchsin as described by Gerdemann (1955) . A minimum of 50 intersections per root sample were viewed microscopically and scored for the presence of vesicles, hyphae only and arbuscules. The absence of colonisation was also confirmed in uninoculated plants.
Relative effect of G. intraradices on plant growth
For each plant species grown in monoculture, as two-species mixtures or as four-species mixtures, the relative effect of G. intraradices was measured as:
where Y ij M represents total plant biomass (root and shoot) of species i growing with species j in presence of the AM fungal inoculum and Y ij NM the biomass of the same species i growing with species j without the AM fungal inoculum. Positive values for AM fungal effect indicate a better growth in presence of G. intraradices (mutualism) and, inversely, negative values indicate a negative growth response to inoculation by G. intraradices (parasitism).
Competitiveness of dominant and subordinate plant species
The relative yield per plant (RYP) of each species was calculated from total biomass (root and shoot) in the mycorrhizal (M) and non-mycorrhizal (NM) treatments of twoand four-species mixtures, as:
where RYP i is the relative yield per plant of species i (i.e. target) grown with species j (i.e. neighbour), Y ij is the yield of plant i when grown with species j and Y ii is the yield of plant i when grown in monoculture (Engel and Weltzin 2008) . When RYP ij >RYP ji , j is less competitive than species i and conversely, when RYP ij <RYP ji , j is a better competitor than i.
Competitive effect (CE) of dominant species is defined as the mean RYP of T. officinale and A. capillaris grown with each subordinate species, and competitive effect of subordinate species is defined as the mean RYP of P. vulgaris and A. millefolium grown with each dominant species (Goldberg and Landa 1991) . Species with a greater CE are better competitors, and inversely, species with a lower CE are less competitive. To test whether competitiveness changed when plants were colonised by G. intraradices, the CE of dominant and subordinate species was calculated for both mycorrhizal and nonmycorrhizal plants in two-and four-species mixtures.
Statistical analysis
Statistical analyses were undertaken in R version 2.11.1 (R Development Core Team 2010). Total plant biomass (after square root transforming), relative AM fungal effect and competitive effect were analysed using linear mixedeffects models with plot nested into block as random factors followed by Tukey's post hoc. For total plant biomass, datasets from each mixture type were analysed separately, and the analysis of relative AM fungal effect was also separated for each species.
Results
Colonisation of roots by G. intraradices
The root systems of the plant species inoculated with G. intraradices were heavily colonised, but AM fungal colonisation did not significantly differ between species. Colonisation of roots by vesicles (mean of 46 % for T. officinale, 56 % for A. capillaris, 80 % for P. vulgaris and 63 % for A. millefolium) and hyphae only (30 % for T. officinale, 33 % for A. capillaris, 11 % for P. vulgaris and 24 % for A. millefolium) was high, but there was little development of arbuscules (less than 2 % for each species). Plants not inoculated with G. intraradices remained uncolonised.
Plant productivity in experimental systems
Both subordinate and dominant plant species either produced less or equal biomass in the presence of G. intraradices compared to un-inoculated controls (Fig. 2) . The effects of the AM fungus were very consistent among species when they were grown in monoculture (Fig. 2a) , reducing biomass by between 42 and 44 % compared to the nonmycorrhizal controls. This resulted in an overall significant effect (F 1,5 095.69, P<0.001) of the presence of G. intraradices and an overall significant effect of species (F 3,30 0 12.32, P<0.001) but no interaction (F 3,30 00.29, P00.82).
The patterns in plant biomass were broadly similar when plants were grown in two-species (Fig. 2b) or four-species (Fig. 2c) mixtures. In the two-species mixture, there was an overall significant interaction between addition of G. intraradices × plant species (F 3,78 010.14, P < 0.001). Both dominant species produced more biomass than subordinates in non-mycorrhizal plots, but these differences were removed in the presence of the fungus. Indeed, the biomass of P. vulgaris and A. millefolium was unaffected by G. intraradices, whereas the negative effects of the fungus were enhanced for T. officinale and A. capillaris.
When growing in a mix of four species (Fig. 2c) , both subordinates P. vulgaris and A. millefolium produced similar biomass in the presence of G. intraradices compared to the controls (Fig. 2c) . Dominant species produce less biomass in the presence of the fungus, and there was also a significant interaction between addition of G. intraradices×plant species (F 3,30 08.79, P<0.001) mainly because of the poorer performance of A. capillaris in the four-species mixture.
The variation in biomass produced among species increased alongside species richness (Fig. 2a-c) . For example, the biomass of non-mycorrhizal plants ranged from 540 to 693 mg in monocultures, 313-756 mg in two-species mixtures and 263-922 mg in the four-species mixtures. By comparison, the variation in biomass of mycorrhizal plants was less important as the species richness of the mixtures increased. These differences were also reflected by the magnitude of the overall negative effects of G. intraradices inoculation on the dominant A. capillaris and T. officinale when grown in mixtures. For example, in the four-species mixture, the biomass of A. capillaris was 82 % less in the mycorrhizal condition compared to the non-mycorrhizal condition, while the biomass of T. officinale was 40 % less.
AM fungal growth effect
The addition of G. intraradices had a similar negative effect on both dominant and subordinate species when they were grown in monoculture (Fig. 3) , but the effects differed when the species were grown in mixtures. The relative AM fungal effect was always negative for the dominant species (T. officinale and A. capillaris) regardless of whether they were competing with their conspecifics or with one or two subordinates. The magnitude of the negative effect of G. intraradices on A. capillaris biomass increased in the four-species mixture compared to the two-species mixture. In contrast, the effect of G. intraradices remained constant across monocultures and mixtures for T. officinale. The patterns of relative AM fungal effect were the opposite for subordinate species. Here, the magnitude of negative effects tended to decrease in two-and four-species mixture. For example, P. vulgaris was unaffected by G. intraradices in mixtures of two and four species, whereas A. millefolium remained marginally affected in the two-species mixture but was unaffected in mixtures of four species. 
Competitiveness of species groups
In the absence of G. intraradices inoculation, the index of competitive effect was high for dominant species (CE>1) and low for subordinate species (CE<1), independent of the mixture type of interacting species groups (Fig. 4) . In contrast, the inoculation of G. intraradices significantly modified competitive effect of species groups (Table 1 ) with a decrease for dominants and an increase for subordinates in two-and four-species mixtures. In two-species mixtures comprising interacting species groups (Fig. 4a) , both dominant and subordinate plants had a competitive effect close to 1 indicating that these two species groups had the same competitiveness in the presence of the AM fungus. In the four-species mixture comprising interacting species groups (Fig. 4b) , the competitive effect of dominant species decreased (CE<1), whereas competitiveness of subordinates increased (CE>1), indicating that subordinates species were more competitive than dominant species.
Discussion
AM fungi affect plant growth and nutrition and thus have been shown to alter competitive relationships (Grime et al. 1987; Hartnett et al. 1993; Hartnett and Wilson 1999; Bever 2003; Scheublin et al. 2007) . Whilst this was also the case in our study, the results demonstrated that plants colonised by G. intraradices performed worse (i.e. produced less biomass) than they did in the non-mycorrhizal conditions. These negative effects have also been observed on Triticum aestivum (Veiga et al. 2012 ), on Festuca ovina and Bromus erectus (Van der Heijden et al. 1998a Heijden et al. , 2006 and Lolium multiflorum (Wagg et al. 2011 ) when colonised by the same fungal isolate (BEG 21), although such negative effects of mycorrhizal fungi on plant productivity are found only in 25 % of published experiments (van der Heijden and Horton 2009). Thus, it appears that the plant/mycorrhizal system studied here was likely operating within the parasitic end of the mutualism-parasitism continuum highlighted by Johnson et al. (1997) . This is also reflected by the large proportion of vesicles observed in the roots of all plant species (46-80 %). Vesicles are thought to be storage structures for carbon (Smith and Read 2008) , and so the ratio between carbon allocation and mineral nutrient uptake might not be favourable from the perspective of the host (Johnson 2010) . Indeed, changes in the relative abundance of vesicles in response to fertilisation have been shown previously to be indicative of mycorrhizal symbioses that reduce plant performance (Johnson 1993) . Under the conditions of this experiment (low phosphorus and high light availability), we expected that the fungus acts as a mutualistic symbiont (Johnson et al. 1997) , but this was not the case, and some other mechanisms may affect AM fungi activity in the mutualism-parasitism continuum. Indeed, only G. intraradices was manipulated in this experiment, and the absence of a diverse soil microbial community (i.e. soil competitors) may influence the direction of the symbiosis. Moreover, while the chemical characteristics were similar, the substrate used in pots (majority sand) was different from the field soil (clay loam). Soil texture may modify the impact of Fig. 4 Index of competitive effect (CE±1 SE) of interacting dominant and subordinate species when grown in the presence (hatched bars) and absence (white bars) of the arbuscular mycorrhizal fungus G. intraradices in two-species mixture (a) and in four-species mixture (b). Horizontal lines indicate a CE value of 1 whereby species have equal competitiveness. Values above the line indicate a strongly competitive group, while values below the line indicate a weakly competitive group. Bars with different letters are significantly different (P< 0.05) the symbiosis; and indeed, Zaller et al (2011) showed that different AM fungi can have greater effects on plant growth in soils with high sand content. However, these authors reported that the proportion of sand in the soil substrate does not affect the impact of the symbiosis and therefore would not explain the parasitic effects observed in our experiment.
Subordinate plant species were expected to be more dependent on AM fungi for growth than dominants (van der Heijden et al. 1998a; Karanika et al. 2008) , and dominants were expected to grow equally well with or without AM fungi (Yao et al. 2007 ), but our results contradicted these expectations. G. intraradices had no effect on subordinate species and strongly detrimental effects on dominant species in the two-and four-species mixtures, whereas we observed a negative effect for all species in monoculture. The AM fungus influenced the growth of dominant and subordinate plants differently due to differential responses to G. intraradices in the mixtures. A. capillaris was the only grass in this experiment and was the plant most negatively affected by AM fungal inoculation. Grasses are known to be positively affected by AM fungal inoculation under mutualistic conditions (Wilson and Harnett 1998; Hoeksema et al. 2010 ) but, considering our results, grasses could also be more negatively affected by AM fungi in a less favourable AM relationship. Nevertheless, the other dominant species, the forb T. officinale, was also negatively affected by inoculation of G. intraradices in mixtures. The greatest AM fungal effect among species was observed in the four-species mixtures: P. vulgaris and A. millefolium (subordinates) were unaffected by the AM fungus, whereas A. capillaris and T. officinale (dominants) were negatively affected. Since subordinate species were negatively affected by the AM fungus in monoculture, these findings suggest that the neutrally mutualistic symbiosis between subordinates and G. intraradices may only occur in polyculture due to greater intensity of competition between each plant species. Indeed, no competitive hierarchy can be established in monoculture where only one plant species (subordinate or dominant) is available for the fungus. When plants grew in a mixture of subordinate and dominant species and a competitive hierarchy could be recognised, G. intraradices appeared to be selective among species groups in its intensity of parasitism, affecting more negatively the dominant species in the present experiment. We therefore suggest that AM fungi that potentially can supply larger amounts of mineral nutrients might select plant species with high biomass. Our results confirm the importance of neighbourhood identity and community composition that interacts with AM fungi to affect competitive outcomes of plants (Harnett et al. 1993; Collins and Foster 2009 ). In addition, competition theory postulates that for species coexistence, intraspecific competition should be stronger than interspecific competition (Amarasekare 2003) , but our results showed that an AM fungus may modify the trend of this relationship. Indeed, in mycorrhizal pots, P. vulgaris suffered less and A. capillaris more from increasing interspecific competition by comparison to non-mycorrhizal pots. In contrast, the presence of G. intraradices did not change the trend of this relationship for A. millefolium or T. officinale. These findings highlight the key role of AM fungi in altering competitive relationships and suggest that theories on competition should include not only plant-plant interactions but also plant-soil associations to improve the understanding of species coexistence. However, as the effects of G. intraradices were plant species dependent in the present study, this reflects also the difficulties to conclude about clear patterns of AM fungal responsiveness. Urcelay and Diaz (2003) hypothesised that interactions between subordinate and dominant plants are regulated by their increasingly positive growth responses to mycorrhizal fungi which ultimately shapes plant community composition and diversity. Based on this model, we hypothesised that AM fungi would flatten out differences in competitiveness among plant species because subordinates would have an advantage over dominants. Whilst data from the present experiment supported our hypothesis, in terms of reduction of competitiveness of dominant species, the mechanism was the opposite of what we predicted in that it was driven by differential responses of plant species to the parasitic effects of G. intraradices and an interaction with species mixture of the communities, rather than the positive effects of the fungus. The competitive effect of dominant species decreased in the presence of G. intraradices, whereas it increased for subordinate species independently of mixture type. In addition, the effect of the AM fungus on competitive effect was more intense in the mixture of four species than in the two-species mixture. Actually, in the two-species mixture, species groups became equally competitive (CE0 1) following a reduction in the differences in competitiveness between dominant and subordinates. In four-species mixture, an inversion of the competitive balance between species groups was observed with subordinates (CE>1) becoming more competitive than dominant species (CE< 1). In the present experiment, dominant species were clearly more competitive than subordinates in the absence of G. intraradices. In the presence of the fungus and depending on species composition, the competitive effect of dominant species decreased, leading to a reduced negative effect on subordinate species which enabled subordinates to be more competitive. Our findings highlight the role of mycorrhizas in allowing species coexistence by favouring less competitive species but also the importance of plant community type to mediate the effects of AM fungi.
The present findings provide new insight into the parasitic effects of AM fungi, which remain poorly studied, and give new perspectives for the model of Urcelay and Diaz (2003) . Indeed, the results show that not only mutualism may influence dominance rankings, but that parasitism may also play a role when negative effects of AM fungi reduce the biomass and competitiveness of dominant species. According to these findings, we would predict dominant species to be less competitive in the presence of AM fungi and that this would flatten out the dominance hierarchy in communities, especially with increasing species richness, thus promoting species coexistence. Nevertheless, more studies are needed to improve our understanding of parasitism and the potential role of AM fungi for species diversity. It must be considered along gradients of soil P availability (Johnson 1993; Johnson et al. 1997 ) and plant density (Koide and Dickie 2002) which both may modify the responsiveness to AM fungi. Clearly, our predictions need to be supported by experiments with a greater number of fungi, plant species and culture conditions than used in the present study. Nonetheless, the present data provide the basis for undertaking such work, and they also highlight the potential importance of one species of AM fungi in shaping plant communities (Scheublin et al. 2007) , although interactions among different AM fungi and plant species might generate really different outcomes in natural system (Klironomos 2003; van der Heijden et al. 2006; Wagg et al. 2011) . It is likely that parasitic to strongly mutualistic responses to individual mycorrhizal fungi occur simultaneously in nature, and so understanding the conditions that lead to these contrasting responses and quantifying the net effect of mycorrhizal communities on ecosystems are important. Given the contrasting effects of plant species (Vandenkoornhuyse et al. 2003; Johnson et al. 2004; Hausmann and Hawkes 2009) on AM fungal community composition and functioning, belowground interactions may be a key process driving competition among neighbouring plants, and especially between dominant and subordinate species.
In conclusion, our findings point to the importance of plant composition to regulate the effects of AM fungi and to a potentially more negative effect on highly competitive species in mixtures when the fungus is functioning at the parasitic end of the mutualism-parasitism continuum. In natural plant communities, subordinate plants may therefore not only gain an advantage from associating with functionally mutualistic species of AM fungi (Urcelay and Diaz 2003) but may also be able to persist when the symbiosis is parasitic on dominant species, which may occur with changes in resource availability and/or AM fungal community structure. Thus, regardless of the overall benefit for plants of colonisation by AM fungi, asymmetry in the response of dominant and subordinate plants to mycorrhizal colonisation is likely to be a key process that regulates plant community structure in grassland.
